In teleosts, cortisol is one of the key factors regulating the adaptation to environmental challenges, such as salinity changes. This paper compares interrenal function between fully adapted freshwater (FW) and sea water (SW) specimens of the euryhaline teleost Oreochromis mossambicus (tilapia), combining morphometric and biosynthetic approaches. Interrenal tissue and two tissues producing interrenal secretagogues (ACTH and ANP; atrial natriuretic peptide) were studied. The results demonstrate that sea water adaptation concurs with a sustained stimulation of the interrenal cells, as evidenced by a marked hyperplasia of the cells and the higher initial ex vivo cortisol release in seawater adapted tilapia. This difference was not reflected in ultrastructural differences in the pituitary corticotropes. Plasma ACTH levels were also similar in FW and SW adapted tilapia. Moreover, in vitro data indicate that the ACTH sensitivity of the interrenal cells of both groups was also similar. A second potential interrenal secretagogue (ANP) has recently been implicated in teleost ionic regulation during salinity changes. However, plasma immunoreactive ANP levels and in vitro production of the hormone were also indistinguishable between FW and SW tilapia. ANP pretreatment of tilapia head kidneys in vitro strongly inhibited the response to ACTH, an effect previously undocumented for teleosts. Whereas the sustained stimulation of the interrenal cells under sea water conditions corroborates results obtained with other teleost species, thereby supporting a hypoosmoregulatory role for cortisol, it also is evident that notable species differences exist regarding the regulation of the interrenal gland under these conditions.
Introduction
Many fish species migrate between freshwater (FW) and sea water (SW) environments and euryhaline fish are able to accommodate to the osmoregulatory problems associated with these transfers. It has been frequently argued that cortisol, the most important corticosteroid in teleosts (Sangalang et al. 1972; Balm et al. 1989 for tilapia), among other functions acts as a mineralocorticoid, in particular in SW. Cortisol treatment of the eel, Anguilla rostrata, accelerated SW adaptation, as judged from the onset of sodium efflux upon entry into SW (Mayer et al. 1967) . Furthermore, FW-adapted interrenalectomized eels survived longer than interrenalectomized eels in SW (Mayer et al. 1967) . These comparisons between the actions of cortisol under FW and SW conditions have been a main argument for the hypoosmotic mineralocorticoid actions of the hormone. However, some controversy exists, partly because cortisol also under FW conditions exerts a whole array of biological effects, including stimulation of branchial active ion transport mechanisms (Dange 1986; Balm 1986; Perry et al. 1992) .
Relevant, therefore, is how the interrenal cells are regulated under FW and SW conditions. Although the effects of relatively short term transfers on plasma cortisol levels has been the subject of many studies (see references in Assem and Hanke 1981) , information on regulatory aspects of the interrenal cells is limited. This in particular holds for interrenal function during long-term SW adaptation, which has been studied in a few species only. After several weeks in SW, a marked increase in cortisol production (Henderson et al. 1974; Leloup-Hatey 1974; was observed in the eel, Anguilla anguilla, and Atlantic salmon, Salmo salar. Although these data may corroborate the hypoosmoregulatory role of the hormone, circulating cortisol levels in these species were similar in FW and SW specimens.
Information on factors regulating the interrenal cells under the two extreme conditions furthermore reveals inconsistencies. Using morphological techniques, varying effects of SW adaptation on the pituitary corticotropes have been published (Olivereau and Ball 1970; Leatherland et al. 1974; Benjamin 1978) . To date, data on circulating ACTH levels of ACTH under FW and SW conditions are lacking. In contrast, there are several studies into the effect of SW adaptation on plasma levels of atrial natriuretic peptide (ANP), another interrenal secretagogue (Arnold-Reed and Balment 1991) . However, the recent elucidation of the identity of the members of this peptide family in teleosts (Takei and Balment 1993) , also led to confusion regarding the effect of SW adaptation on circulating levels (Evans et al. 1989; Takei et al. 1992 ).
An obvious suggestion is that the regulatory strategy behind the interrenal activation in SW is species-specific. Recently, this species-specificity in the regulation of cortisol output was also observed under other conditions associated with interrenal stimulation (Vijayan and Moon 1994; Balm et al. 1994) . Apparently, salmonids and anguillids (subjects of many studies into the endocrinology of hypoosmotic regulation) may not be typical for the regulatory strategies fish employ to adapt to environmental changes. We were therefore prompted to investigate regulatory aspects of interrenal function in freshwater and sea water specimens of the tilapia, Oreochromis mossambicus, a species previously demonstrated to be euryhaline (Wendelaar Bonga and van der Meij 1980; Assem and Hanke 1981) . This is an important feature because ionic imbalances resulting from inadequate SW or FW adaptation will be stress factors affecting cortisol release (Franklin et al. 1992) . We compared fully adapted specimens to further avoid novelty/stress factors associated with the initial transitory phase (Assem and Hanke 1981) . Interrenal function were assessed from morphometric measurements and unstimulated in vitro cortisol release. Corticotrope function was investigated morphometrically, plasma ACTH levels were measured, and the in vitro response of interrenal tissue from FW and SW fish to an ACTH I _ 39 challenge was compared. Data by Young (1985) indicate that this latter parameter may be modulated during the initial phase of SW adaptation in coho salmon, Oncorhynchus kisutoh. To gain insight in the potential role of ANP under these conditions, plasma ANP levels were measured by RIA and the in vitro production of ANP-like immunoreactivity by atria and ventricles from FW and SW fish were quantified. Finally, the in vitro effects of ANP on the interrenal response to an ACTH challenge were assessed.
Materials and methods

Animals
Sexually mature male tilapia (0. mossambicus) were kept in temperature-controlled (28°C) tanks (120 1) containing Nijmegen tapwater, which was continuously circulated and aerated (for ionic composition of the water, see Wendelaar Bonga and van der Meij 1980) . The animals were kept under a 12h light/12h dark cycle and were fed with Tetramin tropical fish food. Tilapia were adapted to full strength SW (950 mosm; 1,022 gl 1 ) by adding Wimex concentrated sea salt (Wieland GmBH & Co, Krefeld, Germany) to freshwater in four steps: from freshwater to 200 mosm SW on day 1, to 400 mosm SW on day 3, then to 700 mosm SW on day 5, and two days later to the final concentration. To the control aquaria, which contained tapwater, a small volume of water was added at these time points. The fish were held for 5 subsequent weeks in SW, which was refreshed completely after 3 weeks by means of a flow through device. The experiment was conducted three times. Feeding was stopped 24h before sacrifice, and on day 42 the fish (average body weight 47 ± 3 g; n = 114; x + SEM) were netted one by one from the aquaria (FW and SW adapted fish alternatively). After collection of blood from the caudal vessels into iced plastic syringes containing 1 mg ml I Na 2 EDTA and 500 KIU ml-l aprotinin (Serva, Heidelberg, Germany), the fish were killed by spinal transection and weighted. This procedure took 5 min, during which plasma ACTA levels do not change (Balm et al. 1994) . Next, head kidneys, containing the cortisolproducing interrenal cells (Experiments 1 and 2), hearts (Experiment 2), and pituitaries (Experiment 1) were excised immediately, and placed in incubation medium, or fixed for microscopy. Plasma was obtained by centrifugation at 10,000 x g for 5 min at 4°C, and frozen at -20°C until RIA for ANP and ACTH.
tween animals (Arnold-Reed and Balment 1991). Atria and ventricles were superfused separately in an identical fashion as the head kidneys (material from one fish per chamber); superfusion fractions were stored at -20°C until RIA for ANP.
Assays
The cortisol content of the superfusion fractions was determined by RIA as described previously (Balm et al. 1994) . Plasma and samples from superfusions of atria and ventricles were assayed for ANP-like immunoreactivity by means of RIA using an hANPI 28 antibody characterized by Rosmalen et al. (1987) . Samples were subjected to purification using Seppak C18 cartridges (Waters Assoc., USA), prior to RIA. Recovery of hANP added to fish samples was 96%; the detection limit was 0.8 pg tube 1, and the intra-and interassay coefficients of variations were 9 and 12% respectively. Dilutions of the standard, tilapia plasma and superfusates displaced the label from the antibody in a parallel fashion. Plasma ACTH levels were measured in 25 tl samples by RIA using an antibody kindly provided by Prof. R. Dores (University of Denver, USA; Balm et al., 1994) .
In vitro studies
Head kidneys were superfused as described previously (Balm and Pottinger 1993) , although for this study the temperature was controlled at 28°C. Each chamber contained the head kidneys from two fish, which were pooled according to their body weight. Collection of superfusate started after a 15 min static preincubation period, during which the tissue was washed and transferred to the superfusion system. Flow was 30 tl min-1. Superfusion fractions were stored at -20°C until RIA for cortisol. The responses to ACTH (hACTHI_39, Peninsula) in the presence or absence of ANP (hANP-28, Sigma) are presented as cortisol release rates in pg cortisol min g body weight over basal release, which was calculated from the release rates of two or three fractions prior to the pulse. This was done to overcome the variability in baseline values be-
Histology
Total volumes of pituitary corticotropes and interrenal cells per animal (Experiment 1; 5 fish per group) were quantified at the lightmicroscope level as described by Balm and Pottinger (1993) . Briefly, tissues were sectioned at 10 [tm thickness, and stained immunocytochemically (pituitaries; Balm 1986) or with haemalum eosin (head kidneys). For every fifth section, the total area of the corticotropes or interrenal cells was measured (Kontron Digiplan). For each fish, interrenal cell nuclear area was also measured for 20 cells from different sections of the head kidney. The ultrastructural analysis of the corticotropes (Experiment 1; 5 fish per group) was carried out following methods described by van Eys (1980) for tilapia melanotropes. Head kidneys were also fixed for electron micro- Data are presented as means + SEM. Statistical comparisons were made between groups using the Mann-Whitney U-test (one-tailed). Significance was accepted at p < 0.05.
Results
After 5 weeks in full strength SW a marked increase in the total volume of the cortisol producing interrenal tissue was observed, which was not accompanied by a change of the nuclear area of the cells ( Fig. 1) . At the ultrastructural level, interrenal cells from SW-adapted animals appeared more active than FW controls (Fig. 2) . The cells of SW-adapted fish were somewhat larger and contained more mitochondria per unit cytoplasmic surface area. Head kidneys, containing the cortisol producing interrenal cells, from fully adapted SW tilapia initially released significantly more cortisol in vitro than those from FW fish (Fig. 3) . This difference disappeared with time during incubation. The responses to an ACTH challenge (10 min; 2 nM hACTH, 39) by tissues from the two groups of fish were statistically indistinguishable (Fig. 3) . The total response amounted to 790 + 57 pg cortisol g-I and 1027 + 272 pg cortisol g-I for the FW and the SW groups respectively (areas under the curves). The kinetics of the response varied slightly between the two groups: in the FW group, all but one of the chambers reacted maximally in the second fraction after the pulse, whereas the maximally stimulated release in the SW group occurred randomly in the first three fractions after the pulse. Averaging these fractions yielded 21.1 2.5 pg cortisol min g-l, and 27.4 8.6 pg cortisol min-g t for maximally stimulated release rates in the FW and SW groups respectively (release rates over baseline; not statistically different). The ratio between the initial in vitro release ( Fig. 3; upper panels) and the maximally ACTH-stimulated release rates ( Fig. 3 ; bottom panels) were 0.49 + 0.11 for the FW animals, and 1.01 + 0.20 for the SW fish (p = 0.028). The corticotropes of the two groups of fish were compared morphometrically, and the results are presented in Table 1 . The total volume of the corticotropes per fish did not differ between the groups, nor did the individual cell area. The analysis of these cells in electron micrographs moreover did not reveal major differences between the groups, except for a significantly higher proportion of the cytoplasm occupied by mitochondria in the SW corticotropes from SW-adapted fish, compared those of FW-adapted animals. Plasma ACTH levels were similar in FW and SW-adapted tilapia: 41 + 4 and 46 3 pg mll , respectively (n = 10).
The production of the second factor tested, ANP, was compared in FW and SW fish by measuring plasma levels and in vitro release rates from atria and ventricles (Table 2 ). All parameters tested were identical in the two groups. The release from the atria could be strongly stimulated by a 50 mM K+ pulse (not shown), but in this respect too, FW and SW groups were indistinguishable. At both concentrations tested, ANP pretreatment strongly inhibited the ACTH response (10 min; 3 nM; Fig.  4 ). The response declined from 1733 265 pg cortisol g 1 (controls), to 509 + 163 pg cortisol g-l (10 nM ANP) and to 91 + 59 pg cortisol g-1 (100 nM ANP) after pretreatment (p < 0.001 in both cases; areas under the curve). Table 2 . Plasma ANP levels and in vitro ANP production by atria and ventricles from freshwater (FW)-and seawater (SW)-adapted tilapia; n = 9 (plasma) or n = 4 (in vitro measurements) for both groups. similar plasma sodium levels (Wendelaar Bonga and van der Meij 1980), and grow equally well (unpublished observations). Adaptation is furthermore indicated by the transient nature of the rise in the number of opercular chloride cell that occurs when tilapia are adapted to SW (Balm 1986 ). Apparently, after 5 weeks in SW the fish have attained a new equilibrium, and we therefore discard the possible interference of stress effects derived from inappropriate ionic regulation (Franklin et al. 1992) when considering the physiological relevance of the differences in interrenal function between FW and SW-adapted tilapia. The present results strongly indicate that the cortisol production in fully adapted SW tilapia is several fold higher than in FWadapted tilapia. This conclusion is based firstly on the notable hyperplasia of the interrenal tissue which accompanies SW adaptation. An increase in interrenal cell number in sea water tilapia is concluded because the more than tenfold increase in total interrenal cell mass was not matched by the increase in individual cell volume (estimated from the electron micrographs to be 40% maximally). On the basis of morphometric data, increased interrenal cellular activity in SW-adapted fish was also concluded for other (Bhattacharyya and Butler 1979) , but not all (Hanke and Bergerhoff 1969) species investigated. Secondly, the higher cortisol production rate of head kidneys from SW-adapted fish, when incubated ex vivo, also supports the conclusion that the interrenal gland is more active in SW than in FW animals. We interpret initial in vitro release rates to be good approximations of in vivo production rates because in rainbow trout, Oncorhynchus mykiss, this parameter was significantly correlated with plasma cortisol levels (Balm and Pottinger 1993 anguilla). Alternatively, it might be argued that the initial in vitro release reflects non-physiological phenomena (such as leakage from damaged cells), and that the decline in unstimulated release relates to exhaustion of the interrenal cells. This is considered unlikely for several reasons: 1) the tissue exhibits a high capacity to release cortisol in vitro for extended periods, as reported for tilapia and several other species, such as 0. mykiss (Ilan and Yaron 1980; Rance and Baker 1981) ; 2) after several hours in vitro the tissue remains highly responsive to ACTH. For 0. kisutch interrenal tissue this is still evident after a 18h in vitro preincubation (Young 1988) . The amount of cortisol released during the first few hours in vitro, therefore is unlikely to have depleted the interrenal cells from their biosynthetic supplies; 3) in conjunction with our tilapia data, mammalian adrenocortical tissue in vitro also exhibits declining steroid release rates. This has also been interpreted to reflect tonic stimulatory in vivo control, which is washed out during superfusion ("in vivo decay hypothesis"; Tait and Schulster 1975) .
The higher biosynthetic activity of SW-adapted tilapia headkidneys corroborates results obtained with eels (Leloup-Hatey 1974; Henderson et al. 1974) and Atlantic salmon . For eels, the difference in production rates between FW-and SW-adapted animals was 75°70 (Leloup-Hatey 1974) , and 69% (Henderson et al. 1974) , whereas we calculated a 160% increase in cortisol secretion when tilapia were adapted to SW. It is not easy to reconcile this value with the tenfold increase in interrenal cell volume, in particular when one takes into account that these cells in the SW-adapted fish had a more active appearance than those in FW-adapted animals. It might be suggested that the interrenal cells in SW-adapted fish in vivo rely more on stimulatory control than their FW counterparts. In vitro, this control is washed out, which could explain the SW cortisol production rates approaching that of FW tissue with time.
In our fish, plasma cortisol levels in the fully adapted groups were similar (not shown), confirm-
ing our earlier observation (Balm, 1986) . In this respect, tilapia resembles other species studied in which a higher production rate in SW was not translated into elevated plasma levels. It was concluded that cortisol clearance rates were higher in fully SW-adapted fish than in fully FW-adapted fish (Henderson et al. 1974; Leloup-Hatey 1974) . Most likely, the distribution space of the hormone is higher in SW than in FW, possibly because an increase in perfusion of organs such as the gills (Hanssen et al. 1993) . Accordingly, Redding et al. (1984) have demonstrated that gills of SW-adapted coho salmon take up and retain more cortisol than tissue from FW controls.
ACTH and seawater adaptation
The stimulatory control of interrenal function in FW-and SW-adapted tilapia was addressed by studying the role of ACTH. ACTH has long been recognized as an important regulator of corticosteroidogenesis in teleosts (Donaldson 1981) . From the results presented here, it seems unlikely that circulating ACTH solely is responsible for maintaining the difference in interrenal function between fully adapted FW and SW tilapia. This conclusion is based on the observations that the corticotropes under the two conditions show similar activity, that plasma ACTH levels were similar in both groups of fish, and that interrenal cells in FWand SW-adapted tilapia are equally sensitive to a submaximal concentration of ACTH. The concentration used (2 nM) is close to the ED 5 0 of in vitro ACTH dose-response curves reported for head kidney tissue from tilapia incubated under similar conditions (Ilan and Yaron 1980) , as well as from trout incubated statically (Rance and Baker 1981) . Moreover, the ACTH challenge applied resulted in release rates similar to those measured during the initial period in vitro, which are approximations of the in vivo release rates Balm and Pottinger 1993; Balm et al. 1994) . Under these conditions, therefore, we would have likely picked up relevant differences (both positive or negative) in ACTH sensitivity between the experimental groups. It was argued that possible differences between the groups in maximally stimulated in vitro cortisol release rates, which would have required pharmacological ACTH concentrations (Rance and Baker 1981) , would be of limited physiological relevance. In accordance with our data on tilapia, head kidneys from FW-and SW-adapted coho salmon in vitro responded identically to an ACTH challenge (Young 1985) . Interestingly, given the higher number of interrenal cells in SW tilapia, one may conclude that the sensitivity to ACTH of the individual cells is much lower than that of the interrenal cells in FW fish. This further indicates the importance of co-stimulatory factors other than ACTH in the control of SW interrenal cells, as will be discussed below.
The comparison of our results on corticotrope function with the histological data available for other fish species (Olivereau and Ball 1970; Leatherland et al. 1974; Benjamin 1978) indicates that 0. mossambicus is one of the few species in which the corticotropes are as active in SW as in FW, because it has been reported that the ACTH cells in FW-adapted fish are either more active (Benjamin 1978) , or less active (Olivereau and Ball 1970) than in SW-adapted animals. The higher fractional volume of mitochondria in corticotropes of our SW fish might be a remnant of initial activation of the cells upon SW entry, but this on its own cannot be taken as evidence of a sustained increase in secretory activity. The similar plasma ACTH concentrations also contradict differences in corticotrope function between FW and SW fish. Taken together, the data available seems to argue against a primary function of ACTH in maintaining the higher secretory rate of interrenal cells from fully SW-adapted in tilapia. This situation contrasts with the role of ACTH in the stimulation of corticosteroidogenesis which occurs in tilapia acclimated to low environmental pH in the presence of aluminium. We previously demonstrated (Balm et al. 1987 ) that the stimulation of the interrenal which occurs under those conditions concurs with 1) an increased sensitivity of the organ to ACTH and, 2) with a significant hyperplasia of the corticotropes. Tilapia under low pH conditions benefit from increased branchial active sodium and chloride uptake (Balm 1986 ). This contrasts with the situation in SW animals where active secretion of these ions by the gills is called for. Our results show that also interrenal function is regulated differently by ACTH in SW acid water. Assuming that cortisol is involved in ionic regulation under both conditions (Dange 1986 ), these different regulatory mechanisms might in some way be connected with these opposing biological effects.
A trial natriuretic peptide
Because ACTH administration did not bring about the differences between FW and SW tissues observed during the initial in vitro period, a second potential regulator of interrenal function was considered. ANP has recently received much attention in both mammals and teleosts (Evans 1990 ). This relates to the wide range of biological actions of the peptide (or peptide family: Samson 1992; Takei and Balment 1993), which mostly seem to be linked to the regulation of water and ion balance. Several authors have postulated that, in teleosts, ANP is primarily involved in the regulation of ion extrusion under SW conditions (Evans et al. 1989) . In accordance with this, Arnold Reed and Balment (1991) demonstrated that ANP, both human and homologous preparations, stimulated cortisol release in SW-, but not in FW-adapted Platichthys flesus. These results appeared to substantiate the role for ANP in hypoosmotic regulation. However, recently Takei and Balment (1993) , using a homologous RIA, demonstrated that in SW-adapted eels, plasma ANP levels were actually lower than in FWadapted eels, which conflicts with the opinion held until then that SW adaptation in teleosts was associated with elevations of plasma ANP levels (Evans 1990 ). Our present results further highlight the species differences that exist in the mechanisms of action of ANP in the control of ion homeostasis.
Firstly, we measured identical plasma i.r. ANP levels in fully FW-and SW-adapted tilapia and, in line with this, observed similar in vitro production rates from both atria and ventricles. Although the experimental groups may have been too small to notice subtle effects of SW adaptation, the data appear to preclude major differences between FWand SW-adapted tilapia. The finding that tilapia ventricles produced more i.r. ANP than atria, confirms results from morphometric and biosynthetic studies on other fish species (Baranowski and Westenfelder 1989) . Because we used a heterologous RIA, we cannot compare our data directly with other studies on fish, in which a variety of homologous and heterologous antisera was used (Baranowski and Westenfelder 1989; Evans et al. 1989; Evans 1990; Broadhead et al. 1992; Powell and Miller 1992; Takei et al. 1992) . Most likely, our antiserum recognized both ANP and VNP (Takei et al. 1992) . It is important to note, however, that in general natriuretic peptides exert similar functions, albeit at varying potency (Samson 1992) . Our results indicate that the total production of ANPlike peptide(-s) does not differ between FW-and SW-adapted tilapia.
Secondly, the action of ANP on tilapia interrenal cortisol production differs from the data collected so far on other fish species. The strong reduction of the ACTH response by pretreatment with ANP is reported for the first time in teleosts, but confirms results reported previously in other vertebrate classes (Samson 1992) . Recently, SW adaptation in eels led to a decline in circulating levels of atrial natriuretic peptides (Takei et al. 1992) . Interestingly, this implies that the interrenal effect of ANP observed presently, if operative in eels, could contribute to the interrenal stimulation that occurs under SW conditions (Henderson et al. 1974; LeloupHatey 1974) . Clearly, additional work is warranted using multiple fish species comparing the actions of atrial natriuretic peptides in the presence and absence of ACTH.
The combination of morphometric and biosynthetic techniques applied in the present study demonstrates multiple effects of SW adaptation on the interrenal gland of tilapia. These effects are not solely regulated by ACTH. A novel action of ANP on teleost interrenal cortisol production is demonstrated. Regulatory mechanisms not considered presently, such as modulation of target (: inter-renal) tissue sensitivity, could further enhance the impact of this regulatory mechanism. Recently it was demonstrated that tissues from SW-adapted eels contain less NPR-B receptor (type-B natriuretic-peptide receptor) mRNA than their freshwater counterparts (Katafuchi et al. 1994) . Furthermore, receptor profiles for atrial natriuretic peptide in the gills, another target tissue for ANP, varies between FW-and SW-adapted eels (Broadhead et al. 1992) . Such regulatory mechanisms would not be unique for teleosts: it has been demonstrated that in the rat alterations in salt intake also modify the adrenal sensitivity to secretagogues (Hinson et al. 1988) .
